Purpose: The purpose of this study was to evaluate the impact of tumor motion on maximum standardized uptake value (SUV max ) and metabolic tumor volume (MTV) measurements in both 3-dimensional and respiratory-correlated, 4-dimensional positron emission tomography (PET) imaging. We also evaluated the effect of implementing different attenuation correction methods in 4-dimensional PET image reconstruction on SUV max and MTV. Methods and materials: An anthropomorphic thorax phantom with a spherical ball as a surrogate for a tumor was used. Different types of motion were imposed on the ball to mimic a patient's breathing motion. Three-dimensional PET imaging of the phantom without tumor motion was performed and used as the reference. The ball was then set in motion with different breathing motion traces and imaged with both 3-and 4-dimensional PET methods. The clinical 4-dimensional PET imaging protocol was modified so that 3 different types of attenuation correction images were used for reconstructions: the same free-breathing computed tomography (CT) for all PET phases, the same average intensity projection CT for all PET phases, and 4-dimensional CT for phase-matched attenuation correction. Tumor SUV max and MTV values that were measured from the moving phantom were compared with the reference values. Results: SUV max that was measured in 3-dimensional PET imaging was different from the reference value by 20.4% on average for the motions that were investigated; this difference decreased to 2.6% with 4-dimensional PET imaging. The measurement of MTV in 4-dimensional PET also showed a similar magnitude of reduction of deviation compared with 3-dimensional PET. Four-dimensional PET with use of phase-matched 4-dimensional CT for attenuation correction showed less variation in SUV max and MTV among phases compared with 4-dimensional PET with free-breathing CT or average intensity projection CT for attenuation correction.
Introduction
Positron emission tomography (PET) imaging has become an important tool in radiation therapy for target delineation, [1] [2] [3] adaptive treatment, 4 and outcome prediction. 5, 6 Applications of PET imaging often rely on quantitative analysis of acquired images to extract functional metrics such as standardized uptake value (SUV) and metabolic tumor volume (MTV). 7, 8 The measurement accuracy of such metrics directly affects treatment planning and outcome analysis. Various factors in PET imaging can affect image quality and subsequently quantitative analysis. [9] [10] [11] Tumor motion is reported to be a major factor that can alter SUV and MTV measurements, especially in lung tumor imaging. [12] [13] [14] Studies have reported the feasibility and clinical implementation of respiratory-correlated 4-dimensional PET imaging to reduce the impact of motion on acquired images for patients with lung cancer. 15, 16 Comparison studies have shown that 4-dimensional PET imaging revealed differences of up to 50% compared with 3-dimensional PET imaging in measurements of maximum SUV (SUV max ) and MTV. 16, 17 For current imaging equipment, different techniques have been implemented to reconstruct 4-dimensional PET images with one major development: different attenuation correction (AC) images are used for reconstruction of each phase of the 4-dimensional PET image. [17] [18] [19] [20] Freebreathing helical computed tomography (FB CT) is a fast and simple method to acquire an AC image; however, it lacks breathing phase correspondence to the PET image. Average intensity projection CT (Ave-IP CT) takes longer to acquire and subjects patients to higher radiation exposure, but it may reduce the overall phase discrepancy between CT and PET. Finally, respiratorycorrelated 4-dimensional CT imaging provides AC images that can be matched to each phase of the 4-dimensional PET image.
The purpose of this study is to evaluate the impact of tumor motion on SUV max and MTV measurements in both 3-and 4-dimensional PET imaging. Sinusoidal motion patterns and actual patients' breathing motions with different motion amplitudes were investigated in this study. A clinical PET/CT simulator was used for 4-dimensional PET imaging, which had only one AC option (FB CT) in the clinical scanning protocol at the time of the experiment. Despite the theoretical advantage of phase-matched AC with 4-dimensional CT in 4-dimensional PET reconstruction, previous studies reported mixed results when comparing different AC methods. 17, 18 In this study, we manually modified a 4-dimensional PET imaging protocol in our PET/CT scanner in order to evaluate images that were reconstructed with FB CT as the AC image compared to those reconstructed using Ave-IP CT or 4-dimensional CT.
Methods and materials

Data acquisition
An anthropomorphic thorax phantom with a spherical plastic ball inside the lung portion (CIRS Dynamic Thorax Phantom, CIRS Inc., Norfolk, VA) was used for the study (Fig 1) . The plastic ball, with an inner diameter of 2.5 cm, was filled with 18F-fluorodeoxyglucose (FDG) solution to mimic tumor uptake. The activity concentration of the FDG solution at the time of PET scanning was approximately 0.040 MBq/mL. Different motions were imposed on the ball along the superior-inferior direction through an external motor to mimic a patients' breathing motion.
A Siemens Biograph mCT PET/CT simulator (Siemens Medical Solutions, Knoxville, TN) was used for PET-CT imaging. First, 3-dimensional PET-CT imaging of the phantom without tumor motion was performed to acquire reference images. Then, 6 different breathing motions were imposed on the ball, including 2 simulated sinusoidal patterns and 4 actual patients' breathing traces (Fig 2) ; Figure 2 shows the actual patients' breathing traces. The amplitude of the tumor motion in these traces was measured with 4-dimensional CT imaging and was 18.6 mm, 24.0 mm, 12.3 mm, and 12.0 mm for traces 2(A) to 2(D), respectively. The amplitudes of the 2 simulated sinusoidal motions were 15.4 mm and 30.6 mm, respectively, with period of 5 s/cycle for both motions. Finally, the phantom was imaged with 3-and 4-dimensional PET modes for each breathing motion. The 4-dimensional PET imaging protocol in the scanner uses the Varian RPM system (Varian Medical Systems, Palo Alto, CA) for respiratory gating and helical FB CT for AC. The acquisition times for 3-and 4-dimensional PET were 2 minutes and 8 minutes per bed position, respectively. An additional 4-dimensional CT scan for each breathing motion was acquired to make different types of CT images available for AC in the modified reconstruction protocols.
The 4-dimensional scan was performed with a pitch of 0.09, tube rotation time of 0.5 seconds at 120 kV, and 40 mAs/rotation. The 4-dimensional CT images were retrospectively reconstructed in 10 respiratory phases based on the breathing trace that was recorded by Varian RPM with phase-based gating. The Ave-IP CT in this study was created by averaging the untagged CT images from low-pitch 4-dimensional acquisition by Siemens software; thus, the breathing trace information was not needed for Ave-IP CT reconstruction. Ten phases of 4-dimensional PET images were reconstructed with phasebased gating and 3 different types of AC image: the same FB CT for all PET phases, the same Ave-IP CT for all PET phases, and 4-dimensional CT for phase-matched AC. Figure 3 shows the principal differences between the original protocol with only FB CT as the AC image and 
Data analysis
SUV max and MTV were measured from the PET images. Values of these metrics that were measured from the static phantom with no motion were used as references to evaluate the accuracy of different imaging methods when tumor motion was introduced to the phantom. The MTV was calculated with 2 different thresholds 21 : absolute SUV value of 2.5 (Vol-2.5) and 40% of SUV max (Vol-40%). To compare the accuracy of metrics that were measured in 3-versus 4-dimensional PET, the measurements that were derived from 3-dimensional PET were evaluated against the measurements from the end of the exhalation phase of 4-dimensional PET, which was reconstructed with the end of the exhalation phase 4-dimensional CT for AC. The end of the exhalation phase was chosen on the basis of a previous study, 17 which showed that the end of the exhalation phase of the 4-dimensional PET had minimum variability when considering only a subset of 4-dimensional PET with phase-matched AC. Comparison results were reported as percent accuracy relative to the reference metric values, with mean AE standard deviation (SD) taken over measurements from all 6 motion patterns. To compare the accuracy of metrics measured from 4-dimensional PET imaging with 3 different types of CT images for AC, results were reported as percent accuracy relative to the reference metric values with mean AE SD taken over measurements from all breathing phases and from all 6 motion patterns. The statistical analysis was performed with nonparametric paired Wilcoxon tests. Figure 4 shows the 3-dimensional PET/CT image of the nonmoving static phantom (ie, reference image) and an example 4-dimensional PET/CT image of the moving phantom (sinusoidal motion with 15.4 mm amplitude). The percentage difference between the tumor SUV max measured with 3-dimensional PET imaging of the moving phantom and the reference value was 20.4% AE 16.7% (mean AE SD; range, 5.0%-46.0%), whereas the difference between SUV max measured at the end of the exhalation phase of 4-dimensional PET and the reference value was 2.6% AE 1.9% (range, 0.0%-5.7%), which was significantly different (P Z .031, Wilcoxon test).
Results
3-versus 4-dimensional PET
The deviations of Vol-2.5 from the reference value were 10.4% AE 6.9% in 3-dimensional imaging and significantly different at 3.2% AE 2.1% in 4-dimensional imaging (P Z .031, Wilcoxon test). The deviations of Vol-40% from the reference value were 24.4% AE 32.5% in 3-dimensional imaging and not significantly different at 2.3% AE 2.2% in 4-dimensional imaging (P Z .156, Wilcoxon test). The SUV max was underestimated in the 3-dimensional PET compared with the reference value, although it was slightly overestimated at the end of the exhalation phase of 4-dimensional PET in all motion patterns. Vol-2.5 was overestimated in both 3-and 4-dimensional PET imaging, and Vol-40% was overestimated in 3-dimensional PET but showed mixed patterns in 4-dimensional PET among different motion patterns. 
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Target motion impact on 3D and 4D PET Figure 5 shows the relationship between the measurement deviation of PET metric values from the reference and the amplitude of the target motion. The deviation in 3-dimensional PET imaging generally increased with increased motion amplitude. This kind of relationship was not seen in 4-dimensional PET imaging, which suggests that 4-dimensional imaging successfully mitigated the impact of motion on PET metrics measurements. Table 1 summarizes the variations of measured PET metrics throughout different phases of the 4-dimensional PET image. The variation was determined by comparing the numbers from each phase with the reference values. Three different AC methods are compared in Table 1, showing that 4-dimensional PET with AC that uses phase-matched 4-dimensional CT had minimal variation in measured SUV max and MTV numbers throughout the entire breathing cycle. However, AC with FB CT and Ave-IP CT both produced larger variations (Wilcoxon test, P < .001 for all metric comparisons between phasematched 4-dimensional CT and FB CT and between phase-matched 4-dimensional CT and Ave-IP CT). The variation of these metrics between phases increased with increased motion amplitude when each set of motion data was analyzed separately. For the smallest target motion (amplitude of 12.0 mm), mean variations of SUV max were 4.5%, 4.0%, and 1.5% for AC with FB CT, Ave-IP CT, and phase-matched 4-dimensional CT, respectively. These numbers increased to 13.0%, 7.3%, and 6.5%, respectively, in the images with the largest target motion (amplitude of 30.6 mm). Vol-2.5 and Vol-40% also showed a similar trend between phase-specific variation and target motion amplitude.
Impact of CT image used for AC in 4D PET
Discussion
In this study, the accuracy of PET metric measurements in a moving target was evaluated with different imaging techniques. Four-dimensional imaging in comparison with 3-dimensional imaging showed improved accuracy in measuring tumor SUV max and volume with more pronounced improvements in the targets moving with larger amplitudes. Nonparametric paired Wilcoxon tests showed significant differences in measurement accuracy between 3-and 4-dimensional PET for SUV max and Vol-2.5 (P < .05) but failed to show significance for Vol-40% (P > .05). The power of the statistical analysis was low in this comparison due to the small sample size of the study, but it is clear in Figure 5 that 4-dimensional PET reduced the impact of motion on measured SUV max and MTV when compared with 3-dimensional PET.
These results are in accordance with the findings of Nagel et al, 19 who also showed improvement in the imaging of moving objects with respiration-correlated PET/CT scanning. In contrast to their study, our experiments used measured metrics from 3-dimensional PET imaging of the nonmoving static phantom as the reference values so that variations introduced by PET imaging characteristics (eg, resolution, dose cross calibration, reconstruction, etc.) will have the same effect on reference and moving phantom imaging. The deviation of measured metric values in the moving phantom then is mainly attributed to the motion of the phantom.
In this study, we also compared different AC methods in the 4-dimensional PET reconstruction. The results showed that AC with the same FB CT for all different phases of 4-dimensional PET is not as accurate as phasematched reconstruction with 4-dimensional CT. Pönisch et al 18 performed experiments on a Siemens Biograph PET/CT scanner, which was modified to extend its normal capability to include phase-matched AC, and reached a similar conclusion that use of a 4-dimensional CT is superior to that of a 3-dimensional CT in 4-dimensional PET reconstruction. Although Pönisch et al 18 only investigated sinusoidal motion patterns in their work, this study extended the research to more motions, including 4 actual patients' breathing traces. Nyflot et al 17 conducted a study on the impact of AC method on 4-dimensional PET/CT imaging with a GE Discovery STE PET/CT scanner (GE Healthcare, Waukesha, WI). In contrast to the results from our study, they concluded that the phase-matched AC with 4-dimensional CT is not necessarily the optimal correction method due to image artifacts and differences in CT and the PET phase sorting. In our study, the performance of different AC methods was tested with a Siemens PET/CT scanner, which led to differences in image acquisition and reconstruction between this work and the study by Nyflot et al, 17 such as the low-pitch helical acquisition of 4-dimensional CT with the Siemens system versus the cine axial acquisition of the GE system and the different filter and/or kernel models that were used in the PET reconstruction. In addition to the intrinsic differences between the 2 scanners, there were differences in experimental settings, such as the number of phase bins for 4-dimensional images, range of motion amplitude, phantoms used, and method of generating Ave-IP CT images. This warrants further investigation of 4-dimensional PET AC methods across different scanners, breathing patterns, phantoms, and PET acquisition and image reconstruction techniques.
This study only included phantom experiments and lacks evaluation with actual patient data. However, the ground truth reference values of SUV max and MTV are only available with phantom data by stopping the tumor motion in the phantom. With actual patient imaging, this is not achievable. Moreover, as a step toward patient imaging, 4 of the breathing traces that were used in the experiments in this study were derived from the monitoring of actual patient breathing.
Phase-matched AC provides better SUV max and MTV accuracy in 4-dimensional PET imaging but requires a higher imaging dose from 4-dimensional CT. The reference CT dose index for a thorax scan in our Siemens scanner is 3.26 mGy for 3-dimensional imaging and 26.22 mGy for 4-dimensional imaging. Benefits and risks should be carefully evaluated when adding increasing radiation dose to the patients. AC with free breathing CT did not produce results as accurate as those of the phasematched AC but still reduced the deviation in measured metrics dramatically compared with 3-dimensional PET imaging. If additional 4-dimensional CT imaging is of concern in terms of patient dose and scanning time, an FB CT is still an acceptable means of AC for 4-dimensional PET imaging with up to 6.5% loss in accuracy relative to phase-matched AC for motion amplitudes and patterns that are similar to those in this study. On the basis of the results of our experiments, Ave-IP CT did not show improvements in the accuracy of PET metrics compared with FB CT. Phase mismatch exists between 4-dimensional CT and 4-dimensional PET. 17 The 4-dimensional PET/CT data that were acquired in this study showed a relatively small mismatch at the end of exhalation (50%) and inhalation (0%) phases but had a larger mismatch between these 2 phases (Fig 4B) . Future studies are needed to investigate how to quantify the mismatch and how it correlates with the accuracy of PET metric measurements. Studies to minimize the difference in phase sorting between CT and PET should provide more accurate phase-matched CT for PET reconstruction, which in theory should benefit the quality of 4-dimensional PET imaging.
Conclusions
Four-dimensional PET imaging reduces the impact of motion on measured SUV max and MTV compared with 3-dimensional PET imaging. A 4-dimensional scanning protocol should be considered to improve the accuracy of SUV max and MTV measurements of moving tumors when these metrics are critical for treatment and outcome assessment. AC that uses non-gated CT in 4-dimensional PET imaging is not optimal for quantitative analysis but can still provide improvement over 3-dimensional PET imaging. Clinical 4-dimensional PET imaging protocols should consider phase-matched 4-dimensional CT imaging, if available, to achieve better accuracy in PET metric measurements.
